The discovery of genetic variants in the cholinergic receptor nicotinic CHRNA5-CHRNA3-CHRNB4 gene cluster associated with heavy smoking and higher relapse risk has led to the identification of the midbrain habenula-interpeduncular axis as a critical relay circuit in the control of nicotine dependence. Although clear roles for α3, β4, and α5 receptors in nicotine aversion and withdrawal have been established, the cellular and molecular mechanisms that participate in signaling nicotine use and contribute to relapse have not been identified. Here, using translating ribosome affinity purification (TRAP) profiling, electrophysiology, and behavior, we demonstrate that cholinergic neurons, but not peptidergic neurons, of the medial habenula (MHb) display spontaneous tonic firing of 2-10 Hz generated by hyperpolarization-activated cyclic nucleotidegated (HCN) pacemaker channels and that infusion of the HCN pacemaker antagonist ZD7288 in the habenula precipitates somatic and affective signs of withdrawal. Further, we show that a strong, α3β4-dependent increase in firing frequency is observed in these pacemaker neurons upon acute exposure to nicotine. No change in the basal or nicotine-induced firing was observed in cholinergic MHb neurons from mice chronically treated with nicotine. We observe, however, that, during withdrawal, reexposure to nicotine doubles the frequency of pacemaking activity in these neurons. These findings demonstrate that the pacemaking mechanism of cholinergic MHb neurons controls withdrawal, suggesting that the heightened nicotine sensitivity of these neurons during withdrawal may contribute to smoking relapse.
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nAChRs | TRAP profiling T he tobacco epidemic kills nearly six million smokers a year, primarily from lung cancer. The success rate for smoking cessation without pharmacological treatment is only 3-5% and less than 30% with nicotine-replacement therapies (1) . Nicotine, the addictive component of tobacco, mediates its action by activating nicotinic acetylcholine receptors (nAChRs), which respond to the endogenous neurotransmitter acetylcholine (ACh). Like other drugs of abuse, chronic nicotine exposure promotes adaptations in neuronal circuits that sustain the use of cigarettes (2, 3) . Upon nicotine cessation in humans, a withdrawal syndrome-characterized by negative somatic and affective symptoms such as irritability, anxiety, depressed mood, and loss of concentration-develops (2, 3) and contributes to the high probability of smoking relapse. In rodents that have been chronically treated with nicotine, withdrawal can be induced either by pharmacological precipitation or by cessation of nicotine administration. Somatic and affective signs of withdrawal differentially manifest in these two cases (3, 4) . Additionally, studies in knockout mice have revealed a distinct contribution of various nAChR subtypes to somatic and affective withdrawal signs (5, 6) , illustrating the molecular complexity of nicotine dependence, withdrawal, and relapse.
Converging evidence from genome-wide association studies and animal models has strongly implicated the nicotinic receptor subunits α3, α5, and β4 with heavy tobacco use and decreased success in smoking-cessation therapy in humans (7, 8) , and with nicotine aversion and withdrawal in laboratory animals (6, 9, 10) . These nicotinic receptor subunits (with the exception of α5) are not present in the mesolimbic dopamine tract (typically implicated in addiction disorders) (2, 11) but are concentrated in the medial habenula (MHb) and interpeduncular nucleus (IPN), which together comprise a major cholinergic tract in the mammalian brain that conveys convergent information from the limbic forebrain to the midbrain via the fasciculus retroflexus (2, 12, 13) .
A number of studies have begun to dissect the medial and lateral habenular nuclei in an effort to determine whether subpopulation differences in cytoarchitecture and connectivity could be correlated to molecular markers and electrophysiological properties (14) (15) (16) (17) . For instance, the dorsal and ventral parts of the MHb can be clearly divided based on their respective enrichment in the neuropeptide Tachykinin 1, also known as substance P (SP), or the ACh synthesizing enzyme choline acetyltransferase (ChAT), and the segregation of their efferents to different parts of the IPN (18) . A recent study showed that MHb ChAT-positive neurons corelease glutamate and ACh upon different patterns of blue-light stimulation in transgenic ChATChannelrhodopsin mice (19) , but that sufficient ACh to activate nAChRs in IPN neurons is detected only once a certain threshold of tonic firing is reached. Given that it has been reported that medial habenular neurons generate tonic trains of action potentials (15) , similar to neurons in the mesolimbic dopamine tract, we wanted to address whether this property was restricted to cholinergic neurons, and whether this tonic firing could be modulated in vivo by nicotine. Here, we analyzed the pacemaking activity and translating ribosome affinity purification (TRAP) molecular profile of MHb neurons. By comparing ChAT and SP neurons, we found that cholinergic MHb neurons are equipped with pacemaker Significance According to the World Health Organization, tobacco consumption causes the death of close to 6 million people each year, yet successful attempts to quit smoking are very rare. The present study identifies a group of neurons in the brain that respond differently to nicotine after a period of abstinence, suggesting that altered activity of these neurons may contribute to difficulties with smoking cessation.
hyperpolarization-activated cyclic nucleotide-gated (HCN) channels that confer them with intrinsic pacemaking activity, and that infusion of the HCN antagonist ZD7288 into the MHb of nicotine naïve mice precipitates somatic and affective signs of withdrawal. This pacemaking activity is increased by nicotine via activation of α3β4-containing (α3β4*) nAChRs and is not changed in mice treated with chronic nicotine, but is further potentiated by exposure to nicotine in mice undergoing nicotine withdrawal.
Results
Cholinergic, but Not Peptidergic, Neurons in the MHb Show Spontaneous Action-Potential Firing. We confirmed the clear segregation of cholinergic and peptidergic neurons in the two mouse models used in this study: ChAT-DW167 mice and Tabac mice. ChAT-DW167 mice are transgenic for a bacterial artificial chromosome (BAC) of the ChAT gene and regulatory regions driving expression of an enhanced green fluorescent protein (eGFP)-tagged L10a ribosomal subunit (eGFP-L10a) (20) . Tabac (Transgenic α3β4α5 cluster) mice carry a BAC of the Chrnb4-Chrna3-Chrna5 gene cluster driving expression of eGFP in α3β4* nAChR-positive neurons (10) . As shown in Fig. 1 A and B , cholinergic neurons are concentrated in the ventral two-thirds of the MHb whereas SP-containing cells are exclusively localized in the dorsal part of the nucleus. ChAT-DW167 and Tabac mice show colocalization of eGFP and ChAT immunoreactivity (Fig. 1B and Fig.  S1 ), which indicates that both BAC vectors accurately drive transgene expression to cholinergic neurons of the MHb.
We next used ChAT-DW167 mice for patch-clamping experiments in brain slices. We performed whole-cell recordings in cholinergic and peptidergic neurons of the MHb (Fig. 1 C-F) . Eighty-five percent of the ChAT-positive neurons in the MHb showed tonic action-potential firing in the current clamp mode (58 out of 68 neurons) (Fig. 1C) . Tonic firing could be recorded for up to 1 h. The action-potential frequency ranged from 2 to 10 Hz, with an average frequency of 4.2 ± 0.25 Hz. None of the patched GFPnegative, peptidergic neurons in the dorsal 1/3 of the MHb showed this pacemaking activity (n = 5) (Fig. 1D) . Upon current injections (200 pA for 300 ms), eGFP-positive cholinergic neurons responded with three or more action potentials (APs) (Fig. 1E ) whereas eGFPnegative peptidergic neurons in the dorsal 1/3 of the MHb showed only one or two APs (Fig. 1F) . To address whether the spontaneous activity is synchronized within the MHb, we performed cell-attached recordings from two adjacent eGFP-positive cholinergic neurons (Fig. 1G) . In all five of these double cell-attached recordings, neurons showed a similar firing frequency, but tonic firing was not synchronized (Fig. 1H) . These results show that only ChAT-positive neurons in the MHb have pacemaking activity and that spontaneous APs are unsynchronized between different cells.
TRAP Analysis of Cholinergic MHb Neurons Reveals Enrichment of
Channels and Receptors Involved in Pacemaking. Given the clear distinction between cholinergic and peptidergic neurons in their pacemaking activity, we sought to identify the channels and receptors that could confer this property uniquely to the cholinergic subpopulation. We applied the TRAP methodology to habenular homogenates from the bacTRAP ChAT-DW167 mice targeting cholinergic neurons (20) (Fig. 2 A and B) . This methodology employs affinity purification of eGFP-tagged ribosomes and the mRNAs that are being translated in the targeted cell population (20) . Three replicates of RNA captured from cholinergic neurons (TRAP) and total RNA from the habenular dissection (Total) were subjected to amplification followed by hybridization with Affymetrix microarrays.
As shown in Fig. 2 A and Dataset S1, the TRAP samples show robust enrichment of known markers of MHb neurons, including Chrna3, Chrnb4, Tac2, and Gpr151, in agreement with other studies (14, 17) , whereas nonneuronal transcripts (e.g., glial genes) are depleted (red in Fig. 2A ). We identified transcripts for over 1,100 genes that were at least twofold enriched in MHb cholinergic neurons compared with total RNA (Dataset S2). Comparative analysis with all previously collected TRAP cell types (20, 21) identified 390 transcripts that were relatively enriched and/or specific to MHb cholinergic neurons as measured by the specificity index statistic (pSI < 0.01) (21) , indicating that these cells have a highly unique transcriptional signature within the brain. Hierarchical clustering with all previous profiled cell types confirms the relative uniqueness of this cell type (Fig. 2B ). These neurons fall only loosely near a neuron cluster with various neuromodulatory populations of cells, such as hypothalamic hypocretin neurons and cholinergic neurons of the basal forebrain, and they are quite distinct from other cholinergic populations such as spinal cord and hindbrain motor neurons. Conducting a Gene Ontologies analysis on the 390 transcripts that distinguish these cells reveals a remarkable preponderance of molecules with transcription-factor activity, ion-binding activity (mostly channels), and receptors, including Wnts ( Fig. S2 and Dataset S3). This characteristic gene expression profile suggests that these cells have a unique physiological profile as well.
To better understand the physiology of these neurons, we further analyzed the ion channels and receptors enriched in these cells (Dataset S1). First, we observed extremely high expression levels of the big potassium (BK) channel (encoded by the potassium large conductance calcium-activated channel gene; Kcnma1) and the Cacnb3 (voltage-gated calcium channel auxiliary b3 subunit). In addition, the L-type voltage-gated calcium channel a1d (Cacna1d, also known as Cav1.3), although not present in the microarray, is highly expressed in these neurons (see Allen Brain Atlas: http://mouse.brain-map.org/experiment/show/68798037) and has been shown to drive pacemaker activity in dopamine (DA) neurons (22) . We were also interested in the pacemaking HCN channels, which are differentially expressed in the habenula (16, 23) . Our microarray data demonstrated a clear enrichment of the Hcn3 channel in these neurons whereas Hcn1 and Hcn2 were at or below the level of background. Because Hcn4 was not present in our microarrays but seems to be specific for the cholinergic part of the MHb (16, 23), we assessed its expression by reverse transcription quantitative polymerase chain reaction (RT-qPCR) on TRAP samples [F(5,6) = 69.83, P < 0.0001, ANOVA] (Fig. 2C) . Altogether, these data indicate that cholinergic MHb neurons differentially express high levels of Hcn3, Hcn4, BK, L-type Cav1.3, and α3β4* nAChRs that may endow these neurons with specific electrical properties that underlie their pacemaking capability.
Block of HCN Channel-Mediated Pacemaker Activity in MHb Neurons
Results in a Withdrawal-Like Phenotype. To further characterize the pacemaking activity of MHb neurons, we used pharmacological blockers. In five of five ChAT-positive neurons, the tonic AP-firing was unchanged by the application of a drug mixture containing AMPA, NMDA, GABA A , GABA B , and nAChR blockers [50 μM 2,3-dioxo-6-nitro-1,2,3,4-tetrahydrobenzo[f]quinoxaline-7-sulfonamide (NBQX), 50 μM D-(-)-2-amino-5-phosphonopentanoic acid (d-APV), 100 μM Picrotoxin, 1 μM CGP55845, and 3 μM mecamylamine, respectively] (Fig. 3A) . Tonic AP-firing is therefore driven by intrinsic factors and independent of glutamatergic, GABAergic, or cholinergic inputs.
HCN channels mediate spontaneous pacemaking activity in the heart and in other brain areas (23) and are enriched in MHb neurons (Fig. 2C) . To test whether these channels regulate pacemaking in cholinergic neurons, we applied the nonselective HCN blocker ZD7288 (20 μM) to MHb slices. As shown in Fig.  3B , spontaneous firing was strongly reduced by 62 ± 10.5%. We also observed a smaller but significant contribution of the L-Type calcium (20 μM nifedipine increased tonic firing by 33 ± 3.9%) and BK channels (1 μM of paxilline, decreased tonic firing by 25 ± 2.0%.) to the pacemaking frequency (Fig. S3) . These results support our findings from the TRAP analysis indicating that HCN, BK, and L-type calcium ionic currents are present in MHb cholinergic neurons and contribute to the generation and modulation of their intrinsic pacemaking activity.
To assess the behavioral relevance of the pacemaker activity of cholinergic neurons, ZD7288 was bilaterally microinjected into the MHb of mice through implanted cannulae (Fig. 3D) . Immediately after the infusion, mice were observed for 15 min for any unique behavior. Microinjection of ZD7288 increased the number of typical somatic signs of withdrawal, including scratching, jumping, body and paw tremors, genital licking, and retropulsion (P = 0.031) (Fig. 3C ). Mice injected with ZD7288 also showed reduced center area horizontal activity (P = 0.036) (Fig. 3C ). This reduced center activity is indicative for increased anxiety, an affective sign of nicotine withdrawal. These data demonstrate that inhibition of MHb pacemaker activity in vivo precipitates a withdrawal-like phenotype even in mice that have not experienced nicotine.
Tonic Firing Frequency Increases upon Nicotine Application and Depends on α3β4* nAChRs. Given the high concentration of nAChRs in the cholinergic subpopulation (Fig. S1, Fig. 2A , and Dataset S1) and their critical role in nicotine consumption and withdrawal (6, 9, 10), we next wanted to determine the contribution of nAChRs to the spontaneous pacemaking activity in the MHb. The 81 nM nicotine free base increased tonic AP firing by a factor of 1.6 (Fig.  4A) , an effect that was abolished by the application of the nonspecific nAChR blocker mecamylamine (3 μM) (Fig. 4B) . The nicotine-dependent increase in the number of spontaneous APs in the MHb is therefore mediated by nAChRs and is not caused by effects of nicotine on HCN (24), L-type calcium (25) , or BK channels (26) .
To determine which nAChR combination is responsible for the effect of nicotine on MHb pacemaking firing, we used a number of antagonists and peptide toxins. Application of 50 nM Bungarotoxin (α7*-blocker), 100 nM Conotoxin MII (α3β2*, β3*-blocker), 10 μM 3-(4)-dimethylaminobenzylidine anabaseine (DMAB) (α4β2*, α7*-blocker), or 1 μM dihydro-β-erythroidine hydrobromide (DHβE) (α4β2*, α4β4*-blocker) did not alter the effects of nicotine on tonic AP firing (Fig. 4D and Fig. S4 ) whereas preincubation with the selective blockers for α3β4* nAChRs conotoxin AuIB (Fig. 4 C and D) and SR16584 ( Fig. 4D and Fig.  S4 ) abolished the increase in tonic firing produced by nicotine. The specificity for α3β4 nAChRs was further supported by the use of Tabac mice in which Chrnb4 overexpression increases α3β4* nAChR levels (10). In these mice, nicotine led to a 3.27 ± 0.50-fold increase in spontaneous AP-activity in MHb neurons (Fig. S4 ). These results demonstrate that the nicotine-meditated increase in pacemaking activity is independent of α3β2*, α4β2*, α4β4*, α7*, or β3* nAChR subunits but is the result of α3β4* nAChRs activation.
Nicotine Withdrawal, but Not Chronic Nicotine, Potentiates NicotineInduced Pacemaking Activity. We next sought to determine the functional consequences of chronic nicotine treatment and withdrawal on the spontaneous AP activity in the MHb. To analyze tolerance to chronic nicotine, we used a previously described protocol (4, 27) . Mice were given nicotine in the drinking water for 28 d and recorded on the last day or withdrawn from nicotine and recorded on the next day (see experimental paradigm in Fig. S5 ). The water contained 2% saccharin to mask the bitter taste of nicotine, which was increased from 65 mg/L to 163 mg/L nicotine free base during the first week, and maintained at 163 mg/L nicotine free base during the following weeks. Based on the volume intake ( Fig. S5) , mice consumed 26.2 mg·kg major metabolite of nicotine) levels of 43 ng/mL (27) . This concentration is comparable with nicotine plasma levels measured in the afternoon in smokers (10-50 ng/mL of cotinine, or 60-310 nM of nicotine) (28) . Control mice were given 2% saccharin. We prepared acute brain slices from these mice and analyzed MHb ChAT-positive neurons. Recordings in these spontaneously active neurons showed that the basal pacemaking frequency was indistinguishable between nicotine-treated and saccharin-control groups (Fig. 5A ) and that bath application of nicotine resulted in a similar increase of firing frequency in both groups (fold increase for saccharincontrol, 1.63 ± 0.11; nicotine-treated, 1.71 ± 0.08) (Fig. 5 B and C) . This fold increase was the same as that observed in untreated mice (Fig. 4A ), indicating that chronic treatment with nicotine does not change either the basal or the nicotine-enhanced pacemaking.
In a second group, mice were treated as described before, but given water only to drink for the 14-18 h before preparation of the acute brain slices. The basal AP frequency before nicotine application was unchanged between the groups, as in the previous experiments (control withdrawal, 4.07 ± 0.39 Hz; nicotine withdrawal, 3.49 ± 0.28 Hz; P = 0.234) (Fig. 5D) . However, when nicotine was bath applied, the fold increase of spontaneous AP frequency was significantly higher in mice undergoing nicotine withdrawal compared with the saccharin-withdrawal control group (control, 1.58 ± 0.12; nicotine withdrawal, 2.07 ± 0.17; P = 0.0014) (Fig. 5 E and F) . This increase was blocked by the nAChR antagonist mecamylamine (Fig. 5G) , demonstrating that this potentiation depends on the activity of nAChRs. Behaviorally, mice demonstrate spontaneous somatic signs of withdrawal during the same time frame as when the nicotine recordings were performed (that is 14-18 h after removing nicotine from the drinking bottle following 4 wk chronic nicotine exposure) (Fig. 5H) . We conclude that chronic exposure to nicotine alters the activity of nAChRs in cholinergic neurons of the MHb such that, during withdrawal, these neurons display significantly increased pacemaking activity upon reexposure to nicotine.
Discussion
The cellular and molecular mechanisms underlying how the brain signals nicotine withdrawal and recognizes its previous exposure to nicotine remain poorly understood. The studies presented here establish that cholinergic habenular neurons possess intrinsic pacemaking activity that is mediated by HCN pacemaker channels and that inhibition of pacemaking activity, by infusion of HCN antagonists in the MHb, precipitates withdrawal-like behavior. In addition we find that fast fluctuations in nicotine levels, but not chronic nicotine, accelerate the pacemaking frequency of these neurons via α3β4* nAChR. Strikingly, mice undergoing withdrawal from nicotine double the pacemaking activity of these neurons upon reexposure to nicotine. Given the genetic association of α3β4* receptors with smoking relapse, our data suggest that altered pacemaking activity in medial habenular neurons upon nicotine withdrawal may contribute to difficulties with smoking cessation.
It is intriguing that the pacemaking activity in the MHb is restricted to cholinergic neurons when one considers the mechanisms of ACh release from habenular neurons and the signaling pathways that may modulate this release. For example, it was recently demonstrated that cholinergic MHb neurons corelease glutamate and ACh, but, only upon tonic photostimulation (≥20 Hz), the amount of released ACh is sufficient to activate nAChRs in postsynaptic IPN neurons (19) . Interestingly, both in this study and in recordings from rat MHb neurons in vivo (29) , this frequency threshold for ACh release is not reached under basal conditions. However, given the large α3β4*-dependent increase in pacemaking activity that we have observed in response to acute nicotine, it seems probable that elevation of ACh levels in the MHb as a consequence of physiological input activity or because of tobacco smoking will be important for the regulation of ACh release in the IPN. The fact that HCN, L-type Cav1.3, and BK channels cooperate to generate spontaneous pacemaking activity in MHb neurons suggests that additional pathways impinging on these channels can also alter tonic firing and thus ACh release in the IPN. For example, the identification of "cAMP-dependent protein kinase regulator activity" as a major functional category in cholinergic MHb neurons is interesting in light of the central role of cAMP in dopaminergic signaling (30) and the regulation of neuronal activity in reward circuitry (31) . We anticipate that further studies of this pathway and of other molecular components identified in the TRAP studies reported here can lead to an improved understanding of tonic firing in the MHb and its regulation in response to the many inputs to this important midbrain circuit.
Given the complex behavioral effects of nicotine, and recent studies demonstrating a critical role for the MHb in nicotine intake, aversion, and withdrawal (6, 9, 10) , the demonstration that pacemaking activity in the MHb responds to nicotine and that this modulation is altered during withdrawal is important. It is evident from these studies that the activity of HCN channels is positively modulated by nicotine and that this effect is mediated by nAChRs. However, whether this modulation is occurring directly by altering HCNs (i.e., phosphorylation or cAMP changes) or indirectly through other signal transduction events initiated by nAChRs will require further investigation. Our finding that the basal pacemaking of these α3β4*-enriched neurons is not changed is consistent with studies indicating that chronic nicotine treatment preferentially up-regulates α4β2* receptors (32) but not α3β4* receptors (33, 34) . During a single withdrawal episode, 3 H nicotine binding sites increase in cerebral cortex and midbrain (35) . In contrast, repeated cycles of nicotine treatment and withdrawal result in progressive up-regulation of 3 H epibatidine sites in striatum and hippocampus but not in the cortex (36) . Given these studies, and the cell-specific response we have demonstrated here, it would be interesting to compare cytisine-resistant radioligand binding studies under a variety of withdrawal conditions to distinguish the responses of α4β2* and α3β4* receptors. It seems probable that cellspecific regulation of particular nAChR combinations may underlie the different behavioral and physiological effects of chronic nicotine exposure, withdrawal, and relapse. This specificity for nAChR subtypes is particularly important in light of recent human genetic association studies showing that smokers with the high genetic risk variants in the CHRNA5-CHRNA3-CHRNB4 locus not only have a predisposition to heavy smoking but will also respond differently to pharmacological treatments for smoking cessation (7, 8) .
Finally, it is important to consider the pacemaking activity of cholinergic neurons in the MHb and its modulation by nicotine in the context of the widespread neural circuitry mediating nicotine dependence and withdrawal (37) . Nicotine, like many other drugs of abuse, is known to have an impact in the mesocorticolimbic DA reward center (2, 38) . Interestingly, DA neurons show both spontaneous tonic firing (with a frequency of 1-5 Hz, similar to MHb neurons) (39) and phasic firing. The existence of these two modes of firing is thought to contribute to the malleability of the DA system (38) , and it follows that this could also be the case in the MHb. Phasic burst firing induced by afferent stimuli causes transient DA release and signals acute positive reinforcement by nicotine (38) . Tonic firing maintains constant DA levels and is known to decrease during nicotine withdrawal (40) . The actions of nicotine in this system are complex because it coactivates DA neurons and GABAergic interneurons, which both express nAChRs (2) . For instance, nicotine greatly increases the frequency of the tonic discharge of DA neurons by activation of β2* nAChRs (41) but also contributes to burst firing by activation of β2* in GABAergic interneurons (42) . Furthermore, subcellular compartmentalization of the nAChRs plays an important role in their physiological activities (2) . Given our demonstration that tonic activity in cholinergic neurons in the MHb is modulated by nicotine, and the complex distribution of The fold increase in tonic firing after nicotine application was significantly higher in the withdrawal group, compared with the control group (P = 0.0014). (G) Coapplication of 3 μM Mecamylamine and 81 nM nicotine in slices from mice withdrawn from nicotine completely blocks the nicotine-induced increase in spontaneous AP firing. (H) Quantification of spontaneous somatic signs of withdrawal 14-18 h after nicotine (n = 9) and saccharin (n = 10) treatment cessation. *P < 0.05, unpaired t test.
nAChRs in the MHb-IPN axis, we anticipate that mechanisms regulating the output of this circuitry will also be complex. Consequently, a detailed understanding of the Hb-IPN mechanisms that control nicotine withdrawal and relapse will require further cell-specific molecular and electrophysiological studies of additional cell types in this interesting and ancient midbrain circuit.
Materials and Methods
Details for all materials and methods can be found in SI Materials and Methods. Translating Ribosome Affinity Purification and Quantitative RT-PCR. Translating ribosome affinity purification (TRAP) was conducted in triplicate as previously described using the TRAP line ChAT-DW167 (SI Materials and Methods). Immunoprecipitated (IP) and total mRNA fractions purified for TRAP were subjected to RT-PCR.
Histology and Confocal Imaging. Staining of ChAT-DW167 and Tabac mice with anti-GFP, anti-ChAT, and anti-SP antibodies was done as described in SI Materials and Methods.
Chronic Nicotine Treatment and Nicotine Withdrawal. All nicotine doses are reported as free base. Mice were given nicotine in the drinking water for 28 d, and withdrawal studies were conducted using the spontaneous nicotine withdrawal model as previously described (4, 27) .
Surgical Procedures for Microinjections. Mice were implanted with cannula guides into the MHb (coordinates, anteroposterior, −1.7 mm from bregma; mediolateral, ±0.3 mm from midline; dorsoventral, −2.9 mm from skull level). ZD7288 or saline was microinjected at a volume of 0.5 μL bilaterally for over 90 s.
Statistical Analysis. Sets of data are presented by their mean values and SEMs. The unpaired two-tailed Student t test was used when comparing two sets of data with normal distribution.
